R-Smads are effectors of the transforming growth factor β (TGFβ) superfamily and along with Smad4 form trimers to interact with DNA. The 5GC-DNA complexes determined here by X-ray crystallography for Smad5 and Smad8 proteins corroborate that all MH1 domains bind SBE and 5GC sites similarly, although Smad2/3/4 MH1 domains bind DNA as monomers whereas Smad1/5/8 form helix-swapped dimers. To examine the relevance of the dimerization phenomenon and to exclude a possible crystallography-induced dimeric state, we studied these MH1 domains in solution. As in the crystals, Smad5/8 domains populate dimers and open monomers in equilibrium, whereas Smad/3/4 ones adopt monomeric closed conformations. We also found that swapping the loop1-sequence between Smad5 and Smad3 results in the chimera-DNA complex crystallizing as a monomer, revealing that the loop1-sequence determines the monomer/dimer propensity of Smad MH1-domains.
Summary R-Smads are effectors of the transforming growth factor β (TGFβ) superfamily and along with Smad4 form trimers to interact with DNA. The 5GC-DNA complexes determined here by X-ray crystallography for Smad5 and Smad8 proteins corroborate that all MH1 domains bind SBE and 5GC sites similarly, although Smad2/3/4 MH1 domains bind DNA as monomers whereas Smad1/5/8 form helix-swapped dimers. To examine the relevance of the dimerization phenomenon and to exclude a possible crystallography-induced dimeric state, we studied these MH1 domains in solution. As in the crystals, Smad5/8 domains populate dimers and open monomers in equilibrium, whereas Smad/3/4 ones adopt monomeric closed conformations. We also found that swapping the loop1-sequence between Smad5 and Smad3 results in the chimera-DNA complex crystallizing as a monomer, revealing that the loop1-sequence determines the monomer/dimer propensity of Smad MH1-domains.
We propose that distinct MH1-dimerization status of TGFβ and BMP activated Smads influences the interaction with specific loci genome-wide by distinct R-Smad and Smad4 complexes.
Significance
TGFβ-and BMP-activated R-Smads were believed to have different preferences with respect to the recognition of DNA motifs and to respond to specific activation inputs.
However, recent results indicate that several types of R-Smads can be activated by similar receptors and that all Smads might recognize various DNA motifs. These results pose new questions as to why different types of R-Smads have been conserved for more than 500 million years if they could have a redundant function. They also raise questions as to how different Smad complexes recognize specific clusters of DNA motifs genome-wide.
Here, using structural biology approaches, we elucidate some of the rules that help define dimers of Smad-DNA complexes and propose how these complexes could influence the recognition of specific cis regulatory elements genome-wide.
Introduction
The gene responses activated by the TGFβ cytokine family (a term that includes the transforming growth factor β, bone morphogenetic proteins (BMP), Nodal, Activin and other members) play important roles in embryo development, apoptosis, tissue homeostasis, repair, and immunity (1, 2). These critical roles demand a high level of conservation and fidelity of the TGFβ signaling elements in healthy organisms (1).
The main TGFβ signal transduction mechanism is the Smad pathway, with Smad transcription factors being responsible for the transmission of the signals from the membrane receptor into the nucleus (3) . Receptor-activated Smads (R-Smads) and
Smad4 (Co-Smad) are versatile proteins. They all contain a DNA-binding domain (MH1) and a protein-protein interaction region composed of the linker and the MH2 domain (4, 5) . The MH1 and MH2 domains are highly conserved across Smad proteins and along evolution, whereas the linker has a higher sequence variability. R-Smad linkers contain PY motifs and phosphorylatable Ser/Thr residues, which are recognized by cofactors containing pairs of WW domains (Supplementary Figure S1A) (6, 7) . After being phosphorylated at the MH2 domains by the TGFβ receptor, activated R-Smads interact with Smad4 and define the canonical trimeric functional unit. Once in the nucleus, and upon linker phosphorylation, the trimeric Smad complex is ready to define a new set of interactions with cofactors and with cis regulatory elements, interactions that go on to modulate the outcome of the signaling network (8) (9) (10) .
R-Smad proteins were believed to have different specificities regarding the recognition of DNA motifs and to respond to specific BMP-and TGFβ-activation inputs (11) . Initial hypotheses suggested that the TGFβ-activated Smads (Smad2/3) and Smad4 showed a preference for the GTCT site (known as the Smad Binding Element, SBE), whereas the BMP-activated Smads (Smad1/5/8) preferred GC-rich motifs. However, the sequence conservation of the MH1 domains (Supplementary Figure S1B ) and recent experimental evidences indicate that the separation between DNA binding preferences of R-Smads is subtler that initially thought. For instance, combined TGFβ and BMP receptors influence Smad1/5-driven responses (12) and the MH1 domains of Smad3 and Smad4 proteins interact -efficiently and specifically-with GC-rich motifs grouped in the 5GC consensus GGC(GC)|(CG) (13) . This 5GC consensus is functionally relevant for TGFβ-activated Smads and for Smad4, and it overlaps with the palindromic and compressed 6-BRE site GGCGCC, previously defined as the GC-rich target sequence of BMP-activated Smads (14) . Crystal structures of Smad2/3 and Smad4 bound to GTCT and 5GC sites, as well as those of Smad1 and Smad5 bound to the GTCT site, have been determined (13, (15) (16) (17) (18) . These structures reveal that all R-Smads and Smad4 MH1 domains are able to interact with the SBE, as well as with specific 5GC sites in vitro, and perhaps also in vivo, as the analysis of numerous ChIP-Seq experiments showed that cis regulatory elements bound by the different Smad proteins are enriched in clusters of SBE and 5GC sites (13) . In all these structures, the Smad proteins interact with the 5GC and SBE sites using a distinctive binding mode.
Notably, while keeping the same DNA binding characteristics, these crystal structures showed that Smad3 and Smad4 MH1 domains adopted closed conformations (13, 15, 18) , whereas Smad1 and Smad5 domains adopted a dimer organization, where the α1 helix of one monomer was interchanged with the α1' of a second monomer (16) . To add more complexity to these observations, a structure of Smad5 bound to the palindromic compressed BRE has been determined (17) . This model contains some parts that are not well-defined and shows the fewest specific hydrogen bonds between conserved protein residues and DNA bases of all Smad complexes.
In the search for new clues to clarify how BMP-activated Smad proteins interact with non-compressed GC sites and to decipher the characteristics that define monomers and dimers of MH1 domains, we focused our attention on studying the BMP-activated Smads, which are prone to form dimers in the presence of DNA. We set out to study the interaction of Smad5/8 MH1 domains with non-compressed GC sites using X-ray crystallography, as well as to examine the conformations of these MH1 domains in solution and in the absence of DNA. These structures confirmed that MH1 domains (dimers) of BMP-activated Smads interact efficiently with a non-compressed 5GC site using the canonical protein-DNA binding mode and covering seven base pairs with a single MH1 domain. Moreover, Nuclear Magnetic Resonance, Ion Mobility-Mass Spectrometry and SAXS (Small-angle X-ray scattering) revealed open monomeric and dimeric conformations in equilibrium, thereby indicating that dimers are also present in non-crystallographic conditions. The analysis of these complexes and of the domains in solution also allowed us to clarify the molecular basis for the dimer formation, which is dependent on the loop1 length and sequence. In fact, after swapping the loop1 sequence of Smad5 by that of Smad3, we shifted the monomer/dimer equilibrium towards a predominantly monomeric domain in crystals bound to DNA. Perhaps, the functional differences between Smads are independent from their capacity to interact with specific GC or GTCT motifs. Instead, these differences could have arisen from the dimerization propensity observed in Smad1/5/8 proteins, absent in Smad2/3 and Smad4.
In the context of full-length proteins, R-Smads form heterotrimers with other R-Smads or with Smad4 via contacts between their MH2 domains. Since not all possible R-Smads and Smad4 combinations are found in cellular experiments (19, 20) , it is very tempting to suggest that other protein parts like the MH1 domains -and their capacity to form monomers or dimers-help define the selection of the Smad components for a given ternary complex.
Results

Smad5 and Smad8 complexes with the 5GC site
We first examined how Smad5/8 recognize 5GC-sites and if the recognition mode is similar to that described for other Smads (13, 16) or to the BRE-GC interaction (17) . To test these hypotheses, we determined the structures of the Smad5 and Smad8 MH1 domains bound to the non-compressed 5GC GGCGC motif also using X-ray crystallography. For the constructs, we used the domain boundaries described in the Smad1/GTCT complex (16) , which lack the first 10 protein residues since these residues were included in the Smad5/GTCT complex but were disordered (17) . In both cases, the GTCT-bound Smad1/5 proteins were oriented as dimers and the interaction with SBE was unaffected by the presence or absence of these additional residues.
Before setting up the crystallization screenings, we study the protein-DNA interactions by EMSA assays (Supplementary Figure S1C ) and observed that the interaction with 5GC motifs is in the same range of concentration as that observed for the SBE sequence. The best diffracting crystals were obtained with a 16bp dsDNA TGCAGGCGCGCCTGCA containing the 5GC sequence (underlined). These crystals diffracted at 2.31 Å and at 2.46 Å resolution for Smad5 and Smad8 MH1 domains, respectively. We solved the Smad5/5GC complex by molecular replacement using a model derived from the Smad1/GTCT complex (PDB: 3KMP) and then used the Smad5 complex to refine that of Smad8 bound to the same DNA. In both complexes, the asymmetric unit (ASU, space group P212121) contained a dimer of Smad MH1 domains bound to one 5GC site (Smad5 shown in gold and gray Figure 1A and Smad8 in violet and gray Figure 1B) , with the α1 helix being swapped between monomers.
Crystallization conditions, data collection and statistics are shown in Table 1 .
The electron densities for the Smad5 and Smad8 proteins and the bound DNA, are well defined (Supplementary Figures S1D,E,F). Smad5 and Smad8 MH1 structures display all the characteristic features of MH1 domains (5, 13) . They are composed of four helices (arranged as a four-helical bundle) and three anti-parallel pairs of short strands (β1-β5, β2-β3, and β4-β6) and the fold is stabilized by the presence of a Zn 2+ tightly coordinated by three cysteines and one histidine.
The protein-DNA binding region comprises the loop following the β1 strand, and the β2-β3 hairpin (residues 70-83, highlighted in blue, Figure 1C ). This hairpin contains Arg75, Gln77 and Lys82 residues, which are strictly conserved in all MH1 domains.
These residues interact directly with the major groove through a network of hydrogen bonds (HBs) with the first four consecutive base pairs of the GGCGCg motif (shown in graphite, Figure 1C ). The complex is further reinforced by a set of HB interactions between Ser79, Leu72, Gln77, (backbone atoms) and His101 and His102 (side chain) with G8', G10' and C3 bases ( Figure 1C , middle and right). There is also a set of nine well-ordered water molecules bound at the interface of the protein-DNA-binding site that contribute to the stability of the complex ( Supplementary Table S1 ). Similar interactions are observed for the Smad8-5GC complex ( Figure 1D ). When superimposed, the Smad5 and the Smad8 MH1 domains are nearly identical (Cα RMSD of 0.25 Å for 124 aligned residues) and the complexes are very similar to that of Smad1 bound to the GTCT site (3KMP, 123 aligned residues, Cα RMSD of 0.30 Å, Supplementary Table S2 ). The observed contacts are collected as a cartoon in Figure   1E showing that one bound MH1 domain covers the 3-CAGGCGC-9 area.
Overall these results show that Smad5/8 MH1 domain dimers are observed in complexes with 5GC motifs as well as with the SBE site previously characterized and corroborate that dimers seem to be a characteristic of these MH1-DNA complexes.
Given the sequence conservation at the MH1 dimer interface, we predict that homoand hetero-dimers of BMP-activated Smads can also occur in a cellular context.
SBE/5GC sites: One binding mode for all Smads
With the exception of the monomer/dimer arrangement of the MH1 domains, the protein-DNA binding interface of the Smad5 and Smad8 complexes is very similar to those of Smad4 and Smad3 bound to the same GGCGC motif (PDBs: 5MEY, 5OD6) ( Figure 2A ) (13) . The similarity of 5GC complexes corresponding to all R-Smads and to Smad4 is reflected by the conserved pattern of interactions between the protein and the DNA and by the RMSD value of their Cα superimposition ( Supplementary Table   S2 ). Even the general topology of the major groove (the principal binding site of all complexes) is conserved between the different bound 5GC DNAs (Supplementary Figure S2A ,B), as characterized using Curves (21) . This analysis reveals that the major groove widths in these 5GC complexes are larger than in the complexes with the GTCT site, with all major groove depths being comparable.
These complexes also revealed that one MH1 domain is efficiently accommodated on one full DNA major groove. This is in contrast to the arrangement observed in the Considering that cis regulatory elements bound by Smad proteins often contain clusters of SBE, 5GC and BRE sites (13) , we propose that the most probable binding mode used by Smad proteins to recognize DNA in vivo is that of the 5GC and SBE complexes. It seems very unlikely that two MH1 domains would interact with a compressed BRE site -using half of their protein binding site and causing a high distortion to the DNA structure-if there is the possibility to interact with two neighboring sites (as shown in goldenrod in Figure 2B The higher Tm of Smad5 (identical to Smad3 despite their distinct structural features) was surprising considering the high level of sequence/structural similarity of Smad5 with Smad1/8. Looking for an explanation to these results, we compared the sequences of Smad1/5/8 and observed that there are only eight sequence variations in these MH1 domains, most of them conservative (none at the dimer interface, Supplementary Figures S1B and S2E ). The most different residue is Ile109 (loop 5), a position often occupied by hydrophobic residues in all Smad proteins including Smad5, but a Cys in Smad1 and Smad8. Introducing this mutation in Smad5 (Ile109Cys) caused a 3 ºC decrease in the melting temperature, a Tm value close to that of native Smad1 and Smad8 domains. This residue (Ile109Cys) precedes Cys110, which is required for Zn coordination and perhaps the presence of two consecutive Cys residues might compete for metal coordination and facilitate some misfolding processes, as detected by the thermal denaturation experiments ( Figure 2C ).
All in all, these observations suggest that small differences in the domain sequence (such as Ile109 to Cys) might have a more prominent role in the stability of MH1 domains than dimer/monomer propensities only.
Smad5/8 MH1 domains display a dimer/monomer equilibrium in solution and in the absence of DNA N-terminus helix-swapped dimers has been considered a crystallization induced state potentiated upon DNA binding. We hypothesized that if the Smad1/58 MH1 domains can associate as dimers in crystals, is because there might be an intrinsic flexibility solution of these dimeric domains, absent in the monomeric Smad4 and Smad2 previously characterized (13, 22) . This flexibility will allow the presence of an ensemble of conformations, which can facilitate the interchange of structural elements between monomers and dimers. To clarify this hypothesis, we sought to analyze the different species in solution, using Small-Angle X-ray scattering (SAXS) and Nuclear Magnetic Resonance (NMR). We also studied the different species using Ion mobility coupled to Mass spectrometry.
The SAXS data obtained for both Smad5 and Smad8 indicated an interval of radius of gyration of 17.6-19.3 Å and 16.7-18.6 Å respectively, which is between 15.8 Å expected for a compact monomeric form and 23.6 Å for the fully formed dimer ( Figure   3A ). Therefore, in order to fit the experimental data accurately, we incorporated dimeric models, together with open and closed conformations of monomeric domains ( Figure   3B ). The analysis indicated that the best fit was consistent with an equilibrium of open monomeric particles, as well as dimers, and that closed and compact monomeric conformations were not abundant in solution ( Figure 3C ).
The presence of several conformations in solution was further analyzed by NMR. To this end we acquired backbone triple resonance experiments for the Smad5 MH1 domain. The analysis of the carbon chemical shift (CCS) values allowed us to identify all elements of secondary structure. However, the CCS values corresponding to the first helix indicate that, in solution and in the absence of DNA, this helix is slightly shorter and more flexible than expected for a compact MH1 domain structure ( Figure   3D ). Furthermore, we also measured longitudinal, transverse relaxation times (T1 and T2), 
Swapping the loop1 sequence between Smads converts MH1 dimers into monomers
Our findings regarding the presence of dimers in solution challenge the previous hypothesis that crystallization conditions enriched an atypical domain-swap conformation (16) . Our results also point to the first helix and the loop1, which are swapped in the dimeric conformation, as the most flexible areas in the monomers ( Figure 3D ). When structures of Smad2,3,4,5,8 MH1 domains are superimposed, we observed the variable lengths of loop1 and of the α2 helix ( Figure 4A ). In fact, Smad proteins are highly conserved in metazoans and in general, the differences are more marked with respect to Smad4 than among the five R-Smads (4) (Supplementary Figure S4A ). As highlighted in the figure, BMP Smads have four residues in loop1, whereas the same loop has six residues in Smad3 and in Smad4, and sixteen in Smad2 (22) . Smad2/3 long loops can bridge the distance to accommodate the α1 helix packed to the same monomer, even for the α2 helix, which is one turn longer than in Smad4 (Supplementary Figure S4A ). In the case of Smad3 (PDB 5OD6), its loop1
shows internal hydrogen bond contacts that help stabilize the turn, favoring the intramolecular packing of the first two helices ( Figure 4B ) (16) . These hydrogen bonds are not essential since they are absent in the monomers of Smad2 (22) and in the Smad4 structures (PDB 5MEY), Figure 4C ). In Smad1/5/8, the combination of the α2 helix as long as that in Smad2/3 and a two-residue shorter loop1 than in Smad2/3/4 explains the difficulties of these BMP activated sequences to maintain a compact and monomeric structure. Instead, they select dimers ( Figure 4D , Supplementary Figure   SB ) and ensembles of partially unfolded and flexible monomer conformations as we detected by NMR and SAXS data in solution ( Figure 3B ). Actually, when we extended the loop1 length of Smad5 by introducing several Gly residues or by swapping the loop1 sequence with that of Smad3, we detected monomers as the main specie in native mass spectrometry for these two chimeric constructs (Supplementary Figure   S3F ).
Prompted by these results, we set to determine whether crystal complexes of these chimeric constructs select dimeric properties yet again. We found that both chimeras are now arranged as monomers in the crystals, with the same packing interface for helices 1 and 2 than in the dimer but with both helices belonging to the same monomer ( Figure 4E ). Moreover, in the Smad5/3 chimera, the loop1 sequence is well defined ( Figure 4F, Supplementary Figure 4D -E). A similar monomeric packing is observed for the chimeric construct containing the Gly residues, but in this model, we could not fully trace the loop in the electron density map (Supplementary Figure 4F ).
In summary, these structures confirmed that the propensity to form dimers or monomers is encoded by the loop1 sequence, which has been conserved during metazoan evolution, and not artifacts enhanced by the crystallographic conditions.
Discussion
In eukaryotes, the association between transcription factors (TFs) to form homo-and hetero-dimers is a common feature employed by many TF families (members of the helix-loop-helix (bHLH), leucine zipper (bZIP), Nuclear receptor (NR) and Nuclear factor-kappa B) (23) (24) (25) . This capacity of association has implications in the regulation of specific cellular responses, in the stability of the proteins, in the optimal selection of DNA binding sites and in determining overall affinity. Smad proteins also follow this rule and associate with other Smads and with cofactors, ensuring the efficient interaction of these complexes with cis regulatory elements genome-wide (5, 13, 26) .
Comparison of the Smad5/8 complexes determined here to those previously characterized for Smad2/3 and Smad4 indicate that all R-Smads and Smad4 are able to interact specifically with non-compressed GC motifs and SBE sites by means of a conserved binding mode, mostly using the β2-β3 hairpin. Only the long isoform of Smad2 shows additional contacts from residues in the E3 insert, exclusively present in this specific isoform (22) . Indeed, the main difference observed in all MH1-DNA complexes is not in the recognition of DNA, but in the MH1 domain itself. Whereas TGFβ-activated Smads and Smad4 interact with DNA as monomers, BMP-activated Smads form dimers by swapping the α1 helix between two monomers ( Figure 5A ). R-Smad and Smad4 interactions have been observed with over-expressed as well as with endogenous full-length proteins (27, 28) . It is well accepted that these associations are driven via direct contacts of the conserved MH2 domains of R-Smads and a single Smad4 protein, as detected in the crystal structures of various complexes of MH2 domains (4, 5, 29, 30) However, despite the high level of MH2 domain conservation among different R-Smads, only complexes with the presence of Smad1/5/8 and either Smad2/3 or Smad4 proteins have been experimentally detected using full-length proteins (20, 21) , suggesting that a second layer of selection might exist to favor the composition of some complexes over others.
One of these selection rules could include holding one dimer of Smad1/5/8 MH1 domains and one monomer of either Smad2/3/4 (whose MH1 domains cannot form dimers) thereby suggesting that these dimers may also occur in full-length Smad complexes, in native conditions. The formation of these complexes would be facilitated by the flexibility provided by the long linkers (80 residues) connecting the MH1 and MH2 domains and they should not compromise either, the formation of MH2 domain trimers as detected in crystals of isolated MH2 domains (5) .
The monomer/dimer formation of MH1 domains would also have implications in the selection of several DNA sites recognized simultaneously by the complexes. In the case of Smad4 and BMP-activated Smad hetero trimeric complexes, the dimers of MH1 domains will select DNA sites separated by at least the distance of the two DNA binding sites in the dimer (a distance ≥ 60 Å) and with the Smad4 bound as close as 22 Å (the distance between two consecutive DNA sites that allows the interaction of two MH1 domains without steric hindrance, Schematic representation, Figure 5B ). In contrast, Smad4 complexes with TGFβ-activated Smads (all MH1 domains monomers) can bind adjacent motifs, thereby allowing a much more compact interaction with DNA (Schematic representation, Figure 5C ). These distinct structural features are in agreement with ChIP-Seq peaks where Smad binding motifs are distributed as clusters. Remarkably, clusters recognized by BMP-activated Smads contain few adjacent motifs whereas the clusters often contain several consecutive sites in TGFβactivated ones (13) .
Overall, our results reveal two new hypotheses for the function of Smad complexes in vivo. First, the composition of Smad complexes can be modulated by the association through dimers/monomers via the MH1 domains and not only through MH2 domain interactions. We propose that this feature has been among the keys to shaping two classes of R-Smad proteins since the origin of metazoans. The second hypothesis is related to DNA recognition. Although all Smad proteins can interact with the same DNA motifs, finding the optimal DNA sites for a given Smad trimer must fulfill certain specific spatial requirements. This implies that not all theoretically available DNA motifs can be recognized by a given complex and also, that a given Smad complex could interact with different promoters whose Smad binding sites are not always separated by the same distance. This versatility can explain how similar regions in the genome can be bound to different Smad complexes as reported in the literature (31, 32) .
All findings available till now suggest that the selection of optimal DNA targets in a native context is the result of a collaborative approach between the different Smad complexes and bound cofactors. This selection process seems to be also modulated by the internal association of Smad proteins, where all components fit in order to fine tune the context-dependent action of BMP and TGFβ signals. Certainly, additional experiments, as well as structures of full-length Smad complexes bound to DNA, will finally illustrate how these different layers of interactions are defined and modulated.
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Figures and figure legends
B.
Ribbon diagram of the homodimeric Smad8 MH1 in complex with the GGCGC DNA motif (ASU). Monomers are shown in purple and gray, respectively. Each monomer is bound to a different DNA, the distance between DNA binding sites is indicated.
C.
Close-up of the Smad5 protein-DNA binding interface. Interacting residues are shown as blue sticks and hydrogen bonds (HBs) as dotted lines. The bases involved in the interaction are labeled. Overlay of the complexes of Smad5 MH1 (dimer, gold and light blue) and the monomers corresponding to Smad4 (royal blue) and Smad3 (purple) complexes. All backbones are shown as ribbons. Some secondary structural elements are labeled. Nterm of all proteins are indicated. B.
Comparison of the Smad5-GGCGC structure to that of Smad5-SBE BRE (PDB:5X6H). Major groove distances are indicated. C.
Thermal denaturation curves (duplicates) of different MH1 domains in the absence and in the presence of DNA (GGCGC motif). Melting temperatures are indicated in °C.
Figure 3: Monomer/dimer equilibrium of Smad5 and Smad8 in solution
A.
Small angle X-ray scattering (SAXS) analysis of the Smad5 and Smad8 MH1 domains at five protein concentrations. Experimental and graphical output of the best fit shown for each concentration. B.
Structural models used for the fitting of the SAXS data. Models were generated from the X-ray structures of Smad5 and Smad8 determined in this work. The closed monomeric structure was generated using the Smad4 structure (PDB: 3QSV) as template. C.
Relative abundance of the different conformers in solution. Only open monomers and dimers satisfied the experimental data. D.
NMR analysis of the Smad5 MH1 domain. Secondary structure elements based on experimental 13 Cα- 13 
B.
A section of the electron-density map (loop1) contoured at 1.0σ corresponding to Smad3 monomer (pdb: 5OD6). Some side chains are labeled.
C.
As above, for Smad4 MH1 monomer (pdb: 5MEY). Smad4 does not show sidechain contacts stabilizing the loop1 orientation, in opposition to Smad3, while still maintaining the monomeric arrangement. Some elements of the secondary structure are labeled.
D.
A section of the electron-density map for the Smad5 MH1 dimer. To indicate the contacts at the protein dimer interface, some elements of the secondary structure and selected residues are labeled surrounding the α1 helix.
E. Superposition of Smad5 dimer and monomer (green and beige). The loop1 in the monomer (chimeric construct) and the dimer interface (Smad5 WT) are indicated with arrows.
F.
A section of the electron-density map for the Smad5 chimera showing the loop1 orientation and the monomer arrangement. Some elements of the secondary structure and selected residues are labeled surrounding the α1 helix. Depending on the R-Smad class (BMP or TGFβ), the final selection of DNA motifs would be based not only on the interaction of a given MH1 domain with a specific DNA motif but also on the spatial arrangements of the motifs. These motifs are located at an appropriate distance to interact with either the dimers or monomers of R-Smads, as well as with the Smad4 domain (monomer).
C.
In the case of heterotrimeric complexes of Smad4 with TGFβ-activated Smads, the three MH1 domains can select sites that are adjacent to one another or more separated, depending on the requirements of each transcriptional complex.
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Methods
Protein production and cloning:
The Smad5 (Uniprot: Q99717-1, Ser9-Arg143), the Smad5_gly, Smad5_3 chimeric construct and Smad8 (O15198-1, Thr14-Pro144) domains were cloned using synthesized DNA templates with optimized codons for Bacterial expression (Thermo 
Duplex DNAs
Duplex DNAs were annealed using complementary single-strand HPLC-purified DNAs.
DNAs were mixed at equimolar concentrations (1 mM), heated at 90°C for 3 min and allowed to cool to room temperature for 2 h. DNAs (with and without fluorophores)
were purchased at Biomers and/or at Metabion, Germany. 
Differential scanning fluorometry
NMR chemical shift assignment and perturbation experiments
NMR data were recorded on a Bruker Avance III 600-MHz spectrometer equipped with a quadruple ( 1 H, 13 C, 15 N, 31 P) resonance cryogenic probe head and a z-pulse field gradient unit at 298 K. Backbone 1 H, 13 C and 15 N resonance assignments were obtained by analyzing the 3D HNCACB and HN(CO)CACB experiment pair (33) .
Experiments were acquired as Band-Selective Excitation Short-Transient-type experiments (BEST) with TROSY and Non-Uniform Sampling (NUS) (34, 35) . This 
X-ray
High-throughput crystallization screening and optimization experiments were performed at the HTX facility of the EMBL Grenoble Outstation (38) . and 5000 MME).
All crystals were cryoprotected in mother liquid supplemented with glycerol and frozen in liquid nitrogen. Diffraction data for Smad5 and Smad8 complexes were recorded at the ESRF in Grenoble (France) (beamline ID30a3) and Smad5_3 chimera and Smad5_gly data at the ALBA Synchrotron Light Facility (BL13-XALOC beamline), Barcelona, Spain. The data were processed, scaled and merged with autoPROC (39) .
Initial phases were obtained by molecular replacement using PHASER (40, 41) from the CCP4 and PHENIX suites (42, 43) and BUSTER (45) were employed for the refinement, and COOT (46) for the manual improvement of the models. For Smad5 mutants, the PDB-REDO server was used for the selection of data resolution cutoff (paired-refinement) and for the structure model optimization (47) . Water molecules bound at the DNA-protein interface were selected when they participated in at least three hydrogen bonds (cutoff distance of 3.5 Å).
Figures describing the structures were generated with UCSF Chimera (48) .
TWIM-MS experiments
Experiments were performed using a Synapt G1 HDMS mass spectrometer (Waters Calibration coefficients were determined applying an allometric y = AxB fit.
Experimental cross-sections were determined by measuring the drift time centroid for the molecular-related ions by means of Gaussian fitting to the drift time distribution (Prism v6, GraphPad Software Inc., California, USA).
SAXS data
Data were collected on samples of Smad5 The chi-squared metric for N data points was calculated using the equation:
Supplementary Figures
Supplementary Figure S1 A. Domain composition of R-Smads and Smad4. Different phosphorylation sites of R-Smads are indicated as yellow (receptor), green (CDK8/9) and pink (GSK3) circles.
Supplementary Figure S3. Multidimensional IM-MS data of Smad5, Smad 3 and Smad4 MH1 domains
A.
Plot of the mobility drift time versus m/z for the Smad5 MH1 domain (aqueous solution, 200 mM ammonium acetate buffer) showing the multidimensional data, (instrumental settings are provided in table S3 ). The mass spectrum from all ions shown below. Peaks corresponding to monomers (m) and dimers (d) present in the gas phase are labeled. B.
Close-up representation (left: 2D contour plot and right, 3D plot) of the conformations corresponding to monomers and dimers that are present at a given m/z value but that are separated by ion mobility. C.
Ion mobility time distributions for three selected charge states. Collision cross sections and the conformations used for the fitting. Calibration curves using standard proteins were used prior to the cross-section analysis. D.
Equivalent results to panel A are shown for Smad3 E.
Equivalent results to panels A, B and C are shown for Smad4 F.
Equivalent results to panel A are shown for Smad5 with the modified loop 1.
Comparison of the ɑ1-ɑ2 regions along different metazoans. The specific organisms used in the comparison are indicated in the Smad4 alignment.
B.
Smad5 residues located at the dimer interface are labeled.
C. Superposition of the Smad5 dimer and the Smad5-Gly construct. The position of loop1 in the dimer (Smad5WT) and in the monomer (modified loop1) are indicated.
Section of the electron-density map (stereo-view) contoured at 1.0σ for Smad5 chimera MH1 domain representing the protein-protein interface of the dimer. The map was calculated with coefficients 2Fo -Fc, and the refined model (ribbon) is superimposed.
The OMIT map corresponding to the loop1 region is shown on the right hand side of the figure. Supplementary Table S1 . Analysis of Water Molecules (WM) that mediate interactions between MH1 domains and the GGCGC DNA 
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